The potential of a new wet chemical process for phosphorus and aluminium recovery from sewage sludge ash by sequential elution with acidic and alkaline solutions has been investigated: SESAL-Phos (sequential elution of sewage sludge ash for aluminium and phosphorus recovery). Its most innovative aspect is an acidic pre-treatment step in which calcium is leached from the sewage sludge ash. Thus the percentage of alkaline soluble aluminium phosphates is increased from 20 to 67%. This aluminium phosphate is then dissolved in alkali. Subsequently, the dissolved phosphorus is precipitated as calcium phosphate with low heavy metal content and recovered from the alkaline solution. Dissolved aluminium is recovered and may be reused as a precipitant in wastewater treatment plants.
INTRODUCTION
Phosphorus (P) is essential for all life forms on earth and there is no substitute for it as fertilizer. Existing easily accessible P reserves that are low in contamination are a non-renewable and finite resource that will not be available for ever. For how long the existing P reserves will last, is subject to scientific debate (Wellmer ; Gilbert ) . In this context technologies are developed for the recovery and recycling of P from different waste streams such as sewage sludge and sewage sludge ashes, both of which are significant sinks for P.
In many countries an increasing percentage of sewage sludge is incinerated due to legal bans on land spreading and land filling arising from growing concerns about organic and inorganic contaminants in the sewage sludge. If sewage sludge is incinerated, P remains in the ashes and is not recycled to arable land. Thus the nutrient cycle for P is disrupted.
Sewage sludge ashes from mono-incineration plants contain 100% of the P removed during wastewater treatment, i.e., 90% of the P-load of the wastewater, if enhanced biological and/or chemical P removal is applied.
They have a P content of about 5-10 wt% (11-23 wt% P 2 O 5 ) and are a suitable raw material for different P-recovery technologies. However, sewage sludge and consequently sewage sludge ashes also contain all heavy metals that have been removed during wastewater treatment and which are not volatile at usual incineration temperatures of approximately 850 W C.
Different P-recovery technologies have been proposed to reduce the heavy metal content of the sewage sludge ash and to transfer P into a plant-available form. They can be divided into thermal and wet chemical approaches. The thermal approaches are based on a separation of P and heavy metals at very high temperatures of 1,000-2,000 W C (Adam et al. ; Scheidig et al. ) . Acidic wet chemical P-recovery technologies are based on an elution of P together with most metals in a pH range of 1-2. As P and heavy metals are equally dissolved at low pH-values they have to be separated in further process steps requiring an additional chemical and/or energy input.
A separation of dissolved heavy metals and phosphorus by a raise in the pH, followed by a precipitation of P as calcium phosphate, is hampered by the presence of dissolved aluminium and iron in the acidic leachate of sewage sludge ashes. This results in the precipitation of low value aluminium phosphate and iron phosphate at a pH range of 3-4 (Schaum ). Consequently, in order to create a valuable recovery product such as calcium phosphate, dissolved heavy metals, aluminium and iron have to be removed from the leachate first. Different separation approaches have been proposed such as liquid-liquid extraction of heavy metals (Schaum ; Montag ), nanofiltration (Niewersch et al. ) , ion exchange (Franz ; Donatello et al. ) or sequential precipitation of P as aluminium phosphate (Takahashi et al. ; Cornel et al. , ) . None of theses technologies have been put into practice on large scale yet, since these processes are not economically feasible due to their complexity and high chemical/energy demand.
Alkaline dissolution of phosphorus
The complex procedures needed for separating P from the acidic leachate and from heavy metals can be entirely avoided if P is dissolved by an alkaline elution of sewage sludge ash. In this case only the amphoteric aluminium phosphate compounds present in the ash are dissolved. Heavy metalswith the exception of some arsenic and zinc -do not dissolve under alkaline conditions but remain in the leached sewage sludge ash. P can consequently be recovered from the alkaline leachate by the precipitation of pure calcium phosphate with a very low heavy metal content. However, investigations by Schaum () showed that in sewage sludge ashes from Germany no more than 30% of total P can be recovered by a direct alkaline elution depending on the aluminium and calcium content of the ashes. Possible reasons for the low alkaline leachability of P in aluminium-rich sewage sludge ashes are the high calcium concentrations in German sewage sludge ashes due to the hard water in many regions. In addition, at some mono-incineration plants chalk is added for flue gas cleaning. A high calcium content in sewage sludge may lead to the formation of crystalline calcium phosphates during the incineration. Further, P released during the alkaline elution of sewage sludge ash may be precipitated with calcium.
Objective of the study
In order to take advantage of an alkaline leaching of sewage sludge ash that leads to a selective release of P the potential of a new process for P-recovery was investigated that increases the amount of alkaline leachable P in aluminium-rich sewage sludge ash. As a result, P can be recovered from the alkaline leachate as heavy metal-free calcium phosphate, and aluminium may be recycled as precipitant in wastewater treatment.
MATERIALS AND METHODS
The tested sewage sludge ash was taken from a full scale sewage sludge mono-incineration plant in Germany. The chemical composition of the ash is given in Table 1 . According to the data from Schaum (), this sewage sludge ash can be characterized as a calcium-and iron-poor and aluminium-rich sewage sludge ash, coming from a wastewater treatment plant that uses solely aluminium salts for P-removal. The mean values of the P, calcium, aluminium and iron content of 11 municipal sewage sludge ashes as well as their range are given in Table 1 .
The sewage sludge ash was eluted at room temperature for 24 h in a shaker with HCl or NaOH of different concentrations. The leachate was separated from the treated ash by centrifugation at 40,695 × g (centrifuge Sigma 3K30 Z3, rotor 12155; max. 20,000 rpm), before a new leaching step with acid or alkaline solution took place. The solid-liquid ratio was 1:10 in all experiments. Calcium phosphate was precipitated from the basic leachate by addition of CaCl 2 Table 1 | Chemical composition of the sewage sludge ash investigated in the present paper according to ICP analyses in comparison with the mean values determined by Schaum (2007) for 11 German sewage sludge ashes DIN EN ISO 11885 (1998) after filtration through 0.45 μm membrane filters (Schleicher and Schuell ME 25). The pH in the leachates was determined with a WTM pH 197-S and Mettler Toledo InLab 1003 electrode. In order to determine which compounds were dissolved or newly formed, untreated and treated ashes were analyzed by X-ray powder diffraction (XRD).
RESULTS AND DISCUSSION
Acidic treatment and pre-treatment of sewage sludge ash
During the acidic titration of sewage sludge ashes with HCl an increasing dissolution of the elements P, aluminium and calcium can be observed as the pH decreases. The dissolution of calcium starts at pH-values of ∼6 and at a pH-value of 3 about 75% of all calcium is dissolved. Figure 1 shows that P and aluminium start to dissolve simultaneously at lower pH-values of <3 with a molar ratio P/Al of ∼1:1.3.
At first sight, the simultaneous release of P and aluminium that can be observed during the acidic treatments of the aluminium-rich sewage sludge ash at pH < 3 (Figure 1 ) might be misinterpreted as an indication that P is predominantly present in the form of aluminium phosphate. In this case a higher amount of aluminium phosphate should be dissolved by an alkaline treatment, as it is well known that Al-P is completely soluble in alkaline solution. However, this is not the case, since with NaOH no more than 20% of P total can be dissolved from this sewage sludge ash (Figure 1 , molarity HCl ¼ 0.0). The observed simultaneous release of more than 80% of aluminium and P in acidic treatments can therefore not be explained by the dissolution of an aluminium phosphate phase which was present in the original ash.
Based on theses observations on the acidic treatment of sewage sludge ashes the working hypothesis was developed that the acidic dissolution of calcium phosphate could have been accompanied by a concomitant P-fixation due to a formation of (alkaline leachable) aluminium phosphate in the pH-range of ∼3-3.5. In the case of such a refixation of P-components the percentage of alkaline leachable P should consequently increase due to the acidic pre-treatment of the sewage sludge ash. In order to verify this working hypothesis a series of acidic and alkaline elution experiments were conducted. The tested sewage sludge ash was first eluted with acids of different molarities, followed by an alkaline leaching in order to prove that the amount of alkaline soluble aluminium phosphate can be increased. Alkaline treatment of acidic pre-treated ashes Figure 1 shows the increasing dissolution of the elements P, aluminium and calcium for the sewage sludge ash occurring during the acidic pre-treatment with HCl (empty symbols), as well as during the following alkaline treatment with NaOH (full symbols). It can be seen that the sewage sludge ash releases just about 20% P if it is directly eluted with NaOH, i.e., without any prior acidic treatment (Figure 1 , HCl ¼ 0.0). For the acidic pre-treated sewage sludge ash the alkaline dissolution of P and aluminium gradually increases with raising molarities of the HCl applied, i.e., as more and more calcium has been removed already during the pre-treatment. At 0.4-0.5 mol/L HCl the alkaline dissolution of P reaches its optimum of ∼60% P total , which is the maximum value possible with a single acidic pre-treatment and a single alkaline leaching step. Since the alkaline leachability of P does not increase if for the pre-treatment 0.5 mol/L HCl is used instead of 0.4 mol/L HCl, all further experiments have been conducted with 0.4 mol/L HCl which was considered to be optimal (indicated by a black circle). The chemical composition of the acidic and alkaline leachate is given in Tables 2 and 3 , respectively. In an additional experiment dissolved calcium which was trapped in the remaining leached ash was removed by a second acidic leaching step with 0.01 mol/L HCl which increases the alkaline recovery rate to 67%.
XRD measurements of untreated and treated ash
In order to investigate directly which compounds dissolve or are newly formed during the acidic pre-treatment and which processes lead to the observed increase in the percentage of alkaline leachable aluminium phosphate, XRD measurements were conducted before and after various leaching steps. Figure 2 depicts a section of the diffraction patterns of the untreated sewage sludge ash before (left) and after (right) an acidic treatment (0.4 mol/L HCl). It can be clearly seen that this type of acidic treatment leads to a significant reduction of the intensity of the diffraction lines of the whitlockite-type phase, that has the nominal composition between Ca 9 MgH(PO 4 ) 7 and Ca 9 Al(PO 4 ) 7 . In addition, these diffraction patterns also prove that this type of acidic treatment does not affect the intensity of the diffraction lines of the disordered aluminium phosphate phase at a diffraction angle of about 20-22 degrees.
Additional measurements showed that after an acidic treatment followed by an alkaline treatment a complete disappearance of the broadened diffraction lines of the disordered aluminium phosphate phase was detected while the intensity of the diffraction lines of the whitlockite-type phase was not further reduced by the alkaline treatment (results not shown).
The XRD measurements clearly confirmed the working hypothesis that the acidic treatment of the ash significantly reduces the amount of calcium phosphate in the sewage sludge while aluminium phosphate is not affected. Since almost no P is released during the acidic pre-treatment one can conclude that P which must have been released from dissolving calcium phosphate was retained within the ash and most likely fixated by aluminium. After the acidic treatment, in the diffraction patterns no increase of the intensity of the signals attributed to the disordered aluminium phosphate phase was observed. This could be explained, assuming that the aluminium phosphate newly formed at near room-temperature in the suspension is probably X-ray amorphous and therefore different from the structurally Table 2 | Chemical composition of the acidic (elution with 1 mol/L NaOH) leachate of the acidic pre-treated sewage sludge ash (concentration measured and % of total in sewage sludge ash) disordered aluminium phosphate that had undergone the high-temperature incineration process. Therefore, the former does not contribute to the intensity of the diffraction signals of the latter.
P-recovery from the leachate as calcium phosphate
As it was shown in Table 3 , during the alkaline elution step of the acidic pre-treated sewage sludge ash ∼67% of P total and 39% of Al total are dissolved in the leachate. Another series of experiments was carried out in order to optimize the conditions for calcium phosphate recovery by the addition of CaCl 2 solution. These experiments showed that the optimal molar Ca/P ratio for the precipitation of calcium phosphate from the alkaline leaching solution was 1.5. If more Ca, i.e., CaCl 2 solution, was added, the pH of the alkaline leachate decreased, resulting in co-precipitation of Al, probably as aluminium hydroxide or aluminium phosphate.
The aluminium impurities of the P-recovery product could be decreased from initially 23 g Al /kg to 1-2 g/kg by finally washing the precipitate with NaOH twice. Thus a calcium phosphate product was recovered that contained very low levels of impurities (see Table 4 ).
Possible recycling of aluminium dissolved in the alkaline leachate as precipitant for wastewater treatment plants
During the alkaline leaching of the acidic pre-treated Al-rich sewage sludge ash, 1.58 mol Al/kg Ash or 39% of Al total is dissolved that could be recovered and re-used in wastewater treatment plants as a P-precipitant (Table 3) . For the chemical P removal usually a molar Al:P ratio of 1:1-1.5:1 is required. The P content of the sewage sludge ash is 80 g/ kg or 2.58 mol/kg (Table 1) . Depending on molar ratio for the P precipitation, around 41-61% of the P contained in the sewage sludge ash could potentially be precipitated with the recovered aluminium. This amount could theoretically cover 100% of the required precipitant, since only approximately 50% of the removed P has to be removed by chemical precipitation.
The process flow scheme of the SESAL-Phos process Based on theses findings a process flow scheme was developed and tested at a laboratory scale (Figure 3 ). In the first step the sewage sludge ash is treated with the optimal amount of HCl (0.4 mol/L and a solid-liquid ratio of 1:10), followed by a separation of the acid from the sediment with a centrifuge. The remaining residue is leached with 0.01 mol/L HCl to remove Ca, which is dissolved and trapped in the pores of the solid (this step does not appear in Figure 3 ).
In the next step the calcium-depleted sewage sludge ash is leached with NaOH dissolving approximately 67% of P total and 39% of Al total . The solid residue and the NaOH solution are separated by centrifugation recovering around 60% of P total .
Next, the alkaline leachate enters a stirred reactor for calcium phosphate precipitation by the addition of CaCl 2 . The alkaline leachate and the Al contained in it could then be recycled as precipitant in wastewater treatment, though this has to be confirmed in further research.
The acidic process water (pH 3) has to be neutralized before it can be discharged in order to induce the precipitation of heavy metals. The experiments showed that the addition of 10% of the alkaline leachate is sufficient to neutralize the acidic process water (pH ∼ 7). On a laboratory scale 350 g of calcium phosphate recovering product were produced and are currently tested in fertilizer growth tests. The chemical composition of this recovery product is given in Table 4 .
CONCLUSIONS
Sewage sludge ashes are a significant sink for P and a good starting point for different P-recovery technologies. The potential of a new wet chemical process for P-recovery from aluminium-rich sewage sludge ash has been investigated in which P is separated from the heavy metals present in sewage sludge ash and recovered as calcium phosphate. Additionally, a significant amount of aluminium can be recovered and potentially reused as a precipitant.
The investigated SESAL-Phos process is based on an significant increase of the percentage of alkaline soluble aluminium phosphate by an acidic pre-treatment of the sewage sludge ash which predominantly leaches and removes calcium by dissolving calcium phosphate (and -if presentchalk and anhydride as well) and forms aluminium phosphate.
The newly formed aluminium phosphate is subsequently dissolved by an alkaline leaching of the acidic pre-treated ash. From the alkaline solution P is precipitated as calcium phosphate with a low content of impurities.
Further research and testings are necessary to show how far the proposed process is applicable to other sewage sludge ashes with different chemical compositions. It also remains to prove that the chemical demand of the proposed process is indeed lower as compared to other wet chemical recovery processes and whether the recovered aluminium could be reused as a precipitant in wastewater treatment.
